Photo-induced voltage in high temperature superconductors has been reported in the early 1990's and extensively investigated ever since, yet its nature and mechanism remain unsettled[@b1][@b2][@b3][@b4][@b5]. YBa~2~Cu~3~O~7-δ~ (YBCO) thin films[@b6][@b7][@b8], in particular, are intensively studied in the form of photovoltaic (PV) cell due to its adjustable energy gap[@b9][@b10][@b11][@b12][@b13]. However, high resistance of the substrate always leads to a low conversion efficiency of the device and masks the primary PV properties of YBCO[@b8]. Here we report remarkable photovoltaic effect induced by blue-laser (λ = 450 nm) illumination in YBa~2~Cu~3~O~6.96~ (YBCO) ceramic between 50 and 300 K (*T*~c~ \~ 90 K). We show that the PV effect is directly related to the superconductivity of YBCO and the nature of the YBCO-metallic electrode interface. There is a polarity reversal for the open circuit voltage *V*~oc~ and short circuit current *I*~sc~ when YBCO undergoes a transition from superconducting phase to a resistive state. It is proposed that there exists an electrical potential across the superconductor-normal metal interface, which provides the separation force for the photo-induced electron-hole pairs. This interface potential directs from YBCO to the metal electrode when YBCO is superconducting and switches to the opposite direction when the sample becomes nonsuperconducting. The origin of the potential may be naturally associated with the proximity effect[@b14][@b15][@b16][@b17] at metal-superconductor interface when YBCO is superconducting and its value is estimated to be \~10^−8^ mV at 50 K with a laser intensity of 502 mW/cm^2^. Combination of a p-type material YBCO at normal state with an n-type material Ag-paste forms, most likely, a quasi-pn junction which is responsible for the PV behavior of YBCO ceramics at high temperatures. Our observations shed further light on the origin of PV effect in high temperature superconducting YBCO ceramics and pave the way for its application in optoelectronic devices such as fast passive light detector etc.

Results
=======

[Figure 1a--c](#f1){ref-type="fig"} shows that the *I-V* characteristics of YBCO ceramic sample at 50 K. Without light illumination, the voltage across the sample remains at zero with changing current, as can be expected from a superconducting material. Obvious photovoltaic effect appears when laser beam is directed at cathode ([Fig. 1a](#f1){ref-type="fig"}): the *I-V* curves parallel to the *I*-axis moves downwards with increasing laser intensity. It is evident that there is a negative photo-induced voltage even without any current (often called open circuit voltage *V*~oc~). The zero slope of the *I-V* curve indicates that the sample is still superconducting under laser illumination.

Oxygen-rich YBCO in superconducting state can absorb almost full spectrum of sunlight due to its very small energy gap (*E*~g~)[@b9][@b10], thereby creating electron-hole pairs (e--h). To produce an open circuit voltage *V*~oc~ by absorption of photons, it is necessary to spatially separate photo-generated e-h pairs before recombination occurs[@b18]. The negative *V*~oc,~ relative to the cathode and anode as indicated in [Fig. 1i](#f1){ref-type="fig"}, suggests that there exists an electrical potential across the metal-superconductor interface, which sweeps the electrons to the anode and holes to the cathode. If this is the case, there should also be a potential pointing from superconductor to the metal electrode at anode. Consequently, a positive *V*~oc~ would be obtained if the sample area near the anode is illuminated. Furthermore, there should be no photo-induced voltages when the laser spot being pointed to areas far from the electrodes. It is certainly the case as can be seen from [Fig. 1b,c](#f1){ref-type="fig"}!.

When the light spot moves from the cathode electrode to the center of the sample (about 1.25 mm apart from the interfaces), no variation of *I-V* curves and no *V*~oc~ can be observed with increasing laser intensity to the maximum value available ([Fig. 1b](#f1){ref-type="fig"}). Naturally, this result can be ascribed to the limited lifetime of photo-induced carriers and the lack of separation force in the sample. Electron-hole pairs can be created whenever the sample is illuminated, but most of the e--h pairs will be annihilated and no photovoltaic effect is observed if the laser spot falls on areas far away from any of the electrodes. Moving the laser spot to the anode electrodes, the *I-V* curves parallel to the *I*-axis moves upwards with increasing laser intensity ([Fig. 1c](#f1){ref-type="fig"}). Similar built-in electrical field exists in the metal-superconductor junction at the anode. However, the metallic electrode connects to the positive lead of the test system this time. The holes produced by the laser are pushed to the anode lead and thus a positive *V*~oc~ is observed. The results presented here provide strong evidence that there exists indeed an interface potential pointing from the superconductor to the metal electrode.

Photovoltaic effect in YBa~2~Cu~3~O~6.96~ ceramics at 300 K is shown in [Fig. 1e--g](#f1){ref-type="fig"}. Without light illumination, *I-V* curve of the sample is a straight line crossing the origin. This straight line moves upwards parallel to the original one with increasing laser intensity irradiating at the cathode leads ([Fig. 1e](#f1){ref-type="fig"}). There are two limiting cases of interest for a photovoltaic device. The short-circuit condition occurs when *V* = 0. The current in this case is referred to as the short circuit current (*I*~sc~). The second limiting case is the open-circuit condition (*V*~oc~) which occurs when *R*→∞ or the current is zero. [Figure 1e](#f1){ref-type="fig"} clearly shows that *V*~oc~ is positive and increases with increasing light intensity, in contrast with the result obtained at 50 K; while a negative *I*~sc~ is observed to increase in magnitude with light illumination, a typical behavior of normal solar cells.

Similarly, when the laser beam is pointed at areas far away from the electrodes, the *V*(*I*) curve is independent of the laser intensity and there is no photovoltaic effect appeared ([Fig. 1f](#f1){ref-type="fig"}). Similar to the measurement at 50 K, the *I-V* curves move to the opposite direction as the anode electrode is irradiated ([Fig. 1g](#f1){ref-type="fig"}). All these results obtained for this YBCO-Ag paste system at 300 K with laser irradiated at different positions of the sample are consistent with an interface potential opposite to that observed at 50 K.

Discussion
==========

Most of electrons condense in Cooper pairs in superconducting YBCO below its transition temperature *T*~c~. While in the metal electrode, all the electrons remain in singular form. There is a large density gradient for both singular electrons and Cooper pairs in the vicinity of the metal-superconductor interface. Majority-carrier singular electrons in metallic material will diffuse into the superconductor region, whereas majority-carrier Cooper-pairs in YBCO region will diffuse into the metal region. As Cooper pairs carrying more charges and having a larger mobility than singular electrons diffuse from YBCO into metallic region, positively charged atoms are left behind, resulting in an electric field in the space charge region. The direction of this electric field is shown in the schematic diagram [Fig. 1d](#f1){ref-type="fig"}. Incident photon illumination near the space charge region can create e-h pairs that will be separated and swept out producing a photocurrent in the reverse-bias direction. As soon as the electrons get out of the build-in electrical field, they are condensed into pairs and flow to the other electrode without resistance. In this case, the *V*~oc~ is opposite to the pre-set polarity and displays a negative value when the laser beam points to the area around the negative electrode. From the value of *V*~oc~, the potential across the interface can be estimated: the distance between the two voltage leads *d* is \~5 × 10^−3^ m, the thickness of the metal-superconductor interface, *d*~*i*~, should be the same order of magnitude as the coherence length of YBCO superconductor (\~1 nm)[@b19][@b20], take the value of *V*~oc~ = 0.03 mV, the potential *V*~ms~ at the metal-superconductor interface is evaluated to be \~10^−11^ V at 50 K with a laser intensity of 502 mW/cm^2^, using equation,

We want to emphasize here that the photo-induced voltage cannot be explained by photo thermal effect. It has been experimentally established that the Seebeck coefficient of superconductor YBCO is *S*~s~ = 0[@b21]. The Seebeck coefficient for copper lead wires is in the range of *S*~Cu~ = 0.34--1.15 μV/K^3^. The temperature of the copper wire at the laser spot can be raised up by a small amount of 0.06 K with maximum laser intensity available at 50 K. This could produce a thermoelectric potential of 6.9 × 10^−8^ V which is three orders magnitude smaller than the *V*~oc~ obtained in [Fig 1 (a)](#f1){ref-type="fig"}. It is evident that thermoelectric effect is too small to explain the experimental results. In fact, the temperature variation due to laser irradiation would disappear in less than one minute so that the contribution from thermal effect can be safely ignored.

This photovoltaic effect of YBCO at room temperature reveals that a different charge separation mechanism is involved here. Superconducting YBCO in normal state is a p-type material with holes as charge carrier[@b22][@b23], while metallic Ag-paste has characteristics of an n-type material. Similar to p-n junctions, the diffusion of electrons in the silver paste and holes in YBCO ceramic will form an internal electrical field pointing to the YBCO ceramic at the interface ([Fig. 1h](#f1){ref-type="fig"}). It is this internal field that provides the separation force and leads to a positive *V*~oc~ and negative *I*~sc~ for the YBCO-Ag paste system at room temperature, as shown in [Fig. 1e](#f1){ref-type="fig"}. Alternatively, Ag-YBCO could form a p-type Schottky junction which also leads to an interface potential with the same polarity as in the model presented above[@b24].

To investigate the detailed evolution process of the photovoltaic properties during superconducting transition of YBCO, *I-V* curves of the sample at 80 K were measured with selected laser intensities illuminating at cathode electrode ([Fig. 2](#f2){ref-type="fig"}). Without laser irradiation, the voltage across the sample keeps at zero regardless of current, indicating the superconducting state of the sample at 80 K ([Fig. 2a](#f2){ref-type="fig"}). Similar to the data obtained at 50 K, *I-V* curves parallel to the *I*-axis moves downwards with increasing laser intensity until a critical value *P*~c~ is reached. Above this critical laser intensity (*P*~c~), the superconductor undergoes a transition from a superconducting phase to a resistive phase; the voltage starts to increase with current due to the appearance of resistance in the superconductor. As a result, the *I-V* curve begins to intersect with the *I*-axis and *V*-axis leading to a negative *V*~oc~ and a positive *I*~sc~ at first. Now the sample seems to be in a special state in which the polarity of *V*~oc~ and *I*~sc~ is extremely sensitive to light intensity; with very small increase in light intensity *I*~sc~ is converted from positive to negative and *V*~oc~ from negative to positive value, passing the origin (the high sensitivity of photovoltaic properties, particularly the value of *I*~sc~, to light illumination can be seen more clearly in [Fig. 2b](#f2){ref-type="fig"}). At the highest laser intensity available, the *I-V* curves intend to be parallel with each other, signifying the normal state of the YBCO sample.

The laser intensity dependence of *V*~oc~ and *I*~sc~ at 80 K is shown in [Fig. 2b](#f2){ref-type="fig"} (top). The photovoltaic properties can be discussed in three regions of light intensity. The first region is between 0 and *P*~c~, in which YBCO is superconducting, *V*~oc~ is negative and decreases (absolute value increases) with light intensity and reaching a minimum at *P*~c~. The second region is from *P*~c~ to another critical intensity *P*~0~, in which *V*~oc~ increases while *I*~sc~ decreases with increasing light intensity and both reach zero at *P*~0~. The third region is above *P*~0~ until normal state of YBCO is reached. Although both *V*~oc~ and *I*~sc~ vary with light intensity in the same way as in region 2, they have opposite polarity above the critical intensity *P*~0~. The significance of *P*~0~ lies in that there is no photovoltaic effect and the charge separation mechanism changes qualitatively at this particular point. The YBCO sample becomes non-superconducting in this range of light intensity but the normal state yet to be reached.

Clearly, the photovoltaic characteristics of the system are closely related to the superconductivity of YBCO and its superconducting transition. The differential resistance, *dV/dI*, of YBCO is shown in [Fig. 2b](#f2){ref-type="fig"} (bottom) as a function of laser intensity. As mentioned before, the build-in electric potential in the interface due to Cooper pair diffusion points from the superconductor to metal. Similar to that observed at 50 K, photovoltaic effect is enhanced with increasing laser intensity from 0 to *P*~c~. When the laser intensity reaches a value slightly above *P*~c~, the *I-V* curve starts to tilt, and the resistance of the sample begins to appear, but the polarity of the interface potential is not changed yet. The effect of optical excitation on the superconductivity has been investigated in the visible or near-IR region. While the basic process is to break up the Cooper pairs and destroy the superconductivity[@b25][@b26], in some cases superconductivity transition can be enhanced[@b27][@b28][@b29], new phases of superconductivity can even be induced[@b30]. The absence of superconductivity at *P*~c~ can be ascribed to the photo-induced pair breaking. At the point *P*~0~, the potential across the interface becomes zero, indicating the charge density in both sides of the interface reaches the same level under this particular intensity of light illumination. Further increase in laser intensity results in more Cooper pairs being destroyed and YBCO is gradually transformed back to a p-type material. Instead of electron and Cooper pair diffusion, the feature of the interface is now determined by electron and hole diffusion which leads to a polarity reversal of the electrical field in the interface and consequently a positive *V*~oc~ (compare [Fig.1d,h](#f1){ref-type="fig"}). At very high laser intensity, the differential resistance of YBCO saturates to a value corresponding to the normal state and both *V*~oc~ and *I*~sc~ tend to vary linearly with laser intensity ([Fig. 2b](#f2){ref-type="fig"}). This observation reveals that laser irradiation on normal state YBCO will no longer change its resistivity and the feature of the superconductor-metal interface but only increase the concentration of the electron-hole pairs.

To investigate the effect of temperature on the photovoltaic properties, the metal-superconductor system was irradiated at the cathode with blue laser of intensity 502 mW/cm^2^. *I-V* curves obtained at selected temperatures between 50 and 300 K are given in [Fig. 3a](#f3){ref-type="fig"}. The open circuit voltage *V*~oc~, short circuit current *I*~sc~ and the differential resistance can then be obtained from these *I-V* curves and are shown in [Fig. 3b](#f3){ref-type="fig"}. Without light illumination, all the *I-V* curves measured at different temperatures pass the origin as expected (inset of [Fig. 3a](#f3){ref-type="fig"}). The *I-V* characteristics change drastically with increasing temperature when the system is illuminated by a relatively strong laser beam (502 mW/cm^2^). At low temperatures the *I-V* curves are straight lines parallel to the *I*-axis with negative values of *V*~oc~. This curve moves upwards with increasing temperature, and gradually turns into a line with a nonzero slope at a critical temperature *T*~cp~ ([Fig. 3a](#f3){ref-type="fig"} (top)). It seems that all the *I-V* characteristic curves rotate around a point in the third quadrant. *V*~oc~ increases from a negative value to a positive one while *I*~sc~ decreases from a positive to a negative value. Above the original superconducting transition temperature *T*~c~ of YBCO, the *I-V* curve changes rather differently with temperature (bottom of [Fig. 3a](#f3){ref-type="fig"}). Firstly, the rotation center of the *I-V* curves moves to the first quadrant. Secondly, *V*~oc~ keeps decreasing and *I*~sc~ increasing with increasing temperature (top of [Fig. 3b](#f3){ref-type="fig"}). Thirdly, the slope of the *I-V* curves increase linearly with temperature resulting in a positive temperature coefficient of resistance for YBCO (bottom of [Fig. 3b](#f3){ref-type="fig"}).

Three critical temperatures can be recognized from [Fig. 3b](#f3){ref-type="fig"}: *T*~cp~, above which YBCO becomes non-superconducting; *T*~c0~, at which both *V*~oc~ and *I*~sc~ become zero and *T*~c~, the original onset superconducting transition temperature of YBCO without laser irradiation. Below *T*~cp~ \~ 55 K, the laser irradiated YBCO is in superconducting state with relatively high concentration of Cooper pairs. The effect of laser irradiation is to reduce the zero resistance superconducting transition temperature from 89 K to \~55 K (bottom of [Fig. 3b](#f3){ref-type="fig"}) by reducing the Cooper pair concentration in addition to producing photovoltaic voltage and current. Increasing temperature also breaks down the Cooper pairs leading to a lower potential in the interface. Consequently, the absolute value of *V*~oc~ will become smaller, although same intensity of laser illumination is applied. The interface potential will become smaller and smaller with further increase in temperature and reaches zero at *T*~c0~. There is no photovoltaic effect at this special point because there is no internal field to separate the photo-induced electron-hole pairs. A polarity reversal of the potential occurs above this critical temperature as the free charge density in Ag paste is greater than that in YBCO which is gradually transferred back to a p-type material. Here we want to emphasize that the polarity reversal of *V*~oc~ and *I*~*sc*~ occurs immediately after the zero resistance superconducting transition, regardless of the cause of the transition. This observation reveals clearly, for the first time, the correlation between superconductivity and the photovoltaic effects associated with the metal-superconductor interface potential. The nature of this potential across the superconductor-normal metal interface has been a research focus for the last several decades but there are many questions still waiting to be answered. Measurement of the photovoltaic effect may prove to be an effective method for exploring the details (such as its strength and polarity etc.) of this important potential and hence shed light on the high temperature superconducting proximity effect.

Further increase in temperature from *T*~c0~ to *T*~c~ leads to a smaller concentration of Cooper pairs and an enhancement in the interface potential and consequently larger *V*~oc~. At *T*~c~ the Cooper pair concentration becomes zero and the build-in potential at the interface reaches a maximum, resulting in maximum *V*~oc~ and minimum *I*~sc~. The rapid increase of *V*~oc~ and *I*~sc~ (absolute value) in this temperature range corresponds to the superconducting transition which is widened from *ΔT* \~ 3 K to \~34 K by laser irradiation of intensity 502 mW/cm^2^ ([Fig. 3b](#f3){ref-type="fig"}). In the normal states above *T*~c~, the open circuit voltage *V*~oc~ decreases with temperature (top of [Fig. 3b](#f3){ref-type="fig"}), similar to the linear behavior of *V*~oc~ for normal solar cells based on p-n junctions[@b31][@b32][@b33]. Although the change rate of *V*~oc~ with temperature (−*dV*~oc~*/dT*), which depends strongly on laser intensity, is much smaller than that of normal solar cells, the temperature coefficient of *V*~oc~ for YBCO-Ag junction has the same order of magnitude as that of the solar cells. The leakage current of a p-n junction for a normal solar cell device increases with increasing temperature, leading to a decrease in *V*~oc~ as temperature increases. The linear *I-V* curves observed for this Ag-superconductor system, due to firstly the very small interface potential and secondly the back-to-back connection of the two heterojunctions, makes it difficult to determine the leakage current. Nevertheless, it seams very likely that the same temperature dependence of leakage current is responsible for the *V*~oc~ behaviour observed in our experiment. According to the definition, *I*~sc~ is the current needed to produce a negative voltage to compensate *V*~oc~ so that the total voltage is zero. As temperature increases, *V*~oc~ becomes smaller so that less current is needed to produce the negative voltage. Furthermore, the resistance of YBCO increases linearly with temperature above *T*~c~ (bottom of [Fig. 3b](#f3){ref-type="fig"}), which also contributes to the smaller absolute value of *I*~sc~ at high temperatures.

Notice that the results given in [Figs 2](#f2){ref-type="fig"},[3](#f3){ref-type="fig"} are obtained by laser irradiating at the area around cathode electrodes. Measurements have also been repeated with laser spot positioned at anode and similar *I-V* characteristics and photovoltaic properties have been observed except that the polarity of *V*~oc~ and *I*~*sc*~ has been reversed in this case. All these data lead to a mechanism for the photovoltaic effect, which is closely related to the superconductor-metal interface.

In summary, the *I-V* characteristics of laser irradiated superconducting YBCO-Ag paste system have been measured as functions of temperature and laser intensity. Remarkable photovoltaic effect has been observed in the temperature range from 50 to 300 K. It is found that the photovoltaic properties correlate strongly to the superconductivity of YBCO ceramics. A polarity reversal of *V*~oc~ and *I*~sc~ occurs immediately after the photo-induced superconducting to non-superconducting transition. Temperature dependence of *V*~oc~ and *I*~sc~ measured at fixed laser intensity shows also a distinct polarity reversal at a critical temperature above which the sample becomes resistive. By locating the laser spot to different part of the sample, we show that there exists an electrical potential across the interface, which provides the separation force for the photo-induced electron-hole pairs. This interface potential directs from YBCO to the metal electrode when YBCO is superconducting and switches to the opposite direction when the sample becomes nonsuperconducting. The origin of the potential may be naturally associated with the proximity effect at metal-superconductor interface when YBCO is superconducting and is estimated to be \~10^−8^ mV at 50 K with a laser intensity of 502 mW/cm^2^. Contact of a p-type material YBCO at normal state with a n-type material Ag-paste forms a quasi-pn junction which is responsible for the photovoltaic behavior of YBCO ceramics at high temperatures. The above observations shed light on the PV effect in high temperature superconducting YBCO ceramics and pave the way to new applications in optoelectronic devices such as fast passive light detector and single photon detector.

Methods
=======

The photovoltaic effect experiments were performed on an YBCO ceramic sample of 0.52 mm thickness and 8.64 × 2.26 mm^2^ rectangular shape and illuminated by continuous wave blue-laser (λ = 450 nm) with laser spot size of 1.25 mm in radius. Using bulk rather than thin film sample enables us to study the photovoltaic properties of the superconductor without having to deal with the complex influence of the substrate[@b6][@b7]. Moreover, the bulk material could be conducive for its simple preparation procedure and relatively low cost. The copper lead wires are cohered on the YBCO sample with silver paste forming four circular electrodes about 1 mm in diameter. The distance between the two voltage electrodes is about 5 mm. *I-V* characteristics of the sample were measured using the vibration sample magnetometer (VersaLab, Quantum Design) with a quartz crystal window. Standard four-wire method was employed to obtain the *I-V* curves. The relative positions of electrodes and the laser spot are shown in [Fig. 1i](#f1){ref-type="fig"}.
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![*I-V* characteristics of YBa~2~Cu~3~O~6.96~ illuminated by blue laser (λ = 450 nm) at 50 K\
(a--c) and 300 K (e--g). Values of *V*(*I*) were obtained by sweeping the current from −10 mA to +10 mA in vacuum. Only part of the experimental data is presented for the sake of clarity. **a**, Current-voltage characteristics of YBCO measured with laser spot positioned at the cathode (**i**). All the *I-V* curves are horizontal straight lines indicating the sample is still superconducting with laser irradiation. The curve moves down with increasing laser intensity, indicating that there exist a negative potential (*V*~oc~) between the two voltage leads even with zero current. The *I-V* curves remain unchanged when the laser is directed at the center of the sample at ether 50 K (**b**) or 300 K (**f**). The horizontal line moves up as the anode is illuminated (**c**). A schematic model of metal-superconductor junction at 50 K is shown in **d**. Current-voltage characteristics of normal state YBCO at 300 K measured with laser beam pointed at cathode and anode are given in **e** and **g** respectively. In contrast to the results at 50 K, non-zero slope of the straight lines indicates that YBCO is in normal state; the values of *V*~oc~ vary with light intensity in an opposite direction, indicating a different charge separation mechanism. A possible interface structure at 300 K is depicted in **h**. **j**. The real picture of the sample with leads.](srep11504-f1){#f1}

![Photovoltaic characteristics as a function of laser intensity for YBCO-Ag paste system at 80 K.\
The laser spot center is positioned around the cathode electrodes (see [Fig. 1i](#f1){ref-type="fig"}). **a**, *I-V* curves of YBCO irradiated with different laser intensities. **b** (top), Laser intensity dependence of open circuit voltage *V*~oc~ and short circuit current *I*~sc~. The *I*~sc~ values can not be obtained at low light intensity (* \< *110 mW/cm^2^) because the *I-V* curves are parallel to the *I*-axis when the sample is in superconducting state. **b** (bottom), differential resistance as a function of laser intensity.](srep11504-f2){#f2}

![Temperature dependence of photovoltaic characteristics for YBCO-Ag paste system under 502 mW/cm^2^ laser illumination.\
The laser spot center is positioned around the cathode electrodes (see [Fig. 1i](#f1){ref-type="fig"}). **a**, *I-V* curves obtained from 50 to 90 K (top) and from 100 to 300 K (bottom) with a temperature increment of 5 K and 20 K, respectively. Inset **a** shows *I-V* characteristics at several temperatures in dark. All the curves cross the origin point. **b**, open circuit voltage *V*~oc~ and short circuit current *I*~sc~ (top) and the differential resistance, *dV*/*dI*, of YBCO (bottom) as a function of temperature. The zero resistance superconducting transition temperature *T*~cp~ is not given because it is too close to *T*~c0~.](srep11504-f3){#f3}
